Editor: Pamela K. Diggle Premise of research. Angiosperms possess pollen dispersal units (PDUs) of varying size, from monads (single grains) to aggregates containing thousands of grains. It has been suggested that the degree of aggregation is related to the dispersal agent (in particular, animals vs. wind), but aggregation has rarely been measured, and its correlation with pollination vectors has been examined for only a few species.
Introduction
Pollen characteristics such as size and exine ornamentation are important in plant reproduction (Muller 1979; Harder 1998; Edlund et al. 2004 ). Of particular significance for plant mating is the number of pollen grains that are dispersed by pollination vectors as cohesive "pollen dispersal units" (PDUs); these may range from single grains (monads) to units of thousands of grains (Willson 1979) . The distribution of PDU sizes can have important genetic and ecological consequences; for example, the size of units arriving on the stigmas of multiovulate flowers may result in varying levels of shared pater-1 Author for correspondence; current address: Department of Ecology and Evolutionary Biology, University of Toronto, 25 Willcocks Street, Toronto, Ontario M5S 3B2, Canada; e-mail: david .timerman@mail.utoronto.ca. nity among progeny (Ritland 1989; Morgan and Barrett 1990) . PDU size may also restrict the total number of pollen recipients and fertilization opportunities for individuals when PDU size exceeds the ovule number per pistil, as not all pollen grains will sire seeds (Pacini 2000) . Despite the importance of these and other effects (see Harder and Johnson 2008) , little is known empirically about the variation within and among species in PDU size distribution. Further, it has often been argued that the size distribution is adaptive for a particular pollination mode (e.g., wind or animal), but this hypothesis has not been examined rigorously.
The shape of the probability distribution of PDU sizes for angiosperms is related to the aggregation mechanisms, and these can involve (1) adhesion via pollenkitt, (2) adhesion via filaments from the exine or anther wall, and (3) lack of separation of cells in microsporogenesis (Pacini 2000) . In some cases only a single size class is produced, whereas in other instances a range of PDU size classes are evident. For example, mechanism 3 would result in only the polyad PDU size class.
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In contrast, species with mechanisms 1 or 2 are expected to have a much more varied distribution of PDU sizes, since these mechanisms do not act on pollen grains equally throughout the anther. Further, once PDUs are entrained by the wind or are in contact with a pollinator, they begin to disaggregate (Lisci et al. 1996; Harder and Johnson 2008; Hesse 2010) , and this susceptibility to disaggregation may well be controlled via the mechanism by which units cohere. For example, if an anemophilous PDU is held together mainly by moisture, then small-scale eddies in a low-humidity air column could lead to rapid disaggregation with distance (Martin et al. 2009 ). We note that, to the best of our knowledge, all studies of the PDU size distribution deal with postrelease analysis. There may be differing aggregating mechanisms that lead to species-specific, prerelease distributions.
Zoophilous species tend to disperse aggregated pollen, whereas anemophilous species are more likely to disperse solitary monads (Faegri and van der Pijl 1966; Ackerman 2000; Pacini 2000; Harder and Johnson 2008) , although exceptions have been noted (Buchmann and Hurley 1978; Stelleman 1984b; Lisci et al. 1996; Martin et al. 2009; Michalski and Durka 2010) . Presumably, ambophilous (wind-and animalpollinated) species would have an intermediate amount of clumping. There are a number of explanations as to why anemophilous plants should have less pollen aggregation, the most common argument being that aggregation may be disadvantageous aerodynamically for anemophilous plants. More specifically, larger PDUs have higher settling velocities than solitary grains, resulting in, on average, shorter dispersal distances and thus reduced gene flow (Niklas 1985; Tonsor 1985a Tonsor , 1985b Di-Giovanni et al. 1995; Jackson and Lyford 1999; Martin et al. 2009 ). It could also be that aggregated pollen is disadvantageous aerodynamically because a greater force may be required to remove aggregates from anthers during anthesis (Niklas 1985) . Conversely, a larger clump would be more susceptible to the force of drag (proportional to frontal area), would project farther into the boundary layer, and thus would be more likely to abscise. Interestingly, only two empirical studies of release in relation to PDU size have been undertaken, and both found that pollen release was enhanced by aggregation in the anemophilous Ambrosia (Martin et al. 2009; Sabban et al. 2012) . In contrast to anemophily, pollen aggregation is advantageous in biotic pollination (Pacini 2000; Harder and Johnson 2008) , as it can, for example, improve siring success by increasing the adhesion of pollen to floral visitors (via adhesive substances), reducing pollen loss during grooming (via threaded pollen or pollinia), and delivering multiple pollen grains to stigmas (e.g., zoophilous ovaries are often multiovulate, whereas anemophilous ovaries are invariably uniovular). Although these functional arguments reasonably account for why there should be differences between pollination modes, there has been to date only a single, smallsample (n p 6 species) study examining the relationship between the PDU size distribution and pollination system (Hall and Walter 2011) .
One challenge in measuring PDU size distributions for the purpose of interspecific comparison is that disaggregation begins within the anther following dehiscence and subsequently continues during the release and dispersal phases. Thus, differences in the stage when PDUs are sampled may confound comparisons. We propose that by applying the same large mechanical impulse to samples and then having a constant fall distance ("dispersal"), we can at least bring some uniformity to the stage at which we sample for PDU sizes. If aggregation is stronger among zoophilous plants, then there should be less disaggregation than among anemophilous plants, where aggregation may be maladaptive for pollen dispersal. More fundamentally, a standardized approach is useful because the parameters of the resulting distribution of PDU sizes can be regarded as a proxy measure of the strength of the adhesive forces, such as pollenkitt, resisting disaggregation.
To the best of our knowledge, no one has proposed a probability distribution for PDUs. We anticipate that all sample size distributions will follow a lognormal distribution, since the subdivision of PDUs should be a multiplicative process, as with the breaking up of saltating sand grains on a riverbed (Visher 1969 ). This will lead to a right-skewed distribution that tends to a lognormal distribution with increasing disaggregation events (King 1981) . However, there are three situations where the probability of PDU sizes would be right skewed but not necessarily lognormal: (1) disaggregation is strongly nonrandom with respect to PDU size, (2) there has been too little time for the disaggregation process to operate, and (3) too much time has elapsed so that monads, the lower limit for the disaggregation process, become very numerous. The last is a problem, as the lognormal has 0 as a lower bound.
In this article, we examine the PDU size distribution for a large number of anemophilous and zoophilous species to determine whether the degree of pollen aggregation segregates by pollination vector. Specifically, we predict that values for the two parameters of the lognormal PDU size distribution, the mean and standard deviation of the logarithms, will be much smaller for anemophilous plants. We also examine the PDU size distribution for an anemophilous species, Plantago lanceolata, by comparing anthers from many individuals. Plantago lanceolata was chosen for analysis because there is some evidence that populations vary in their pollination system from anemophilous to ambophilous (Stelleman 1984b) . We predict that this species should have intermediate lognormal parameter values between those of anemophilous and zoophilous species. Finally, we examine whether the lognormal adequately describes the distribution of PDU sizes.
Material and Methods

Intraspecific Analysis of Plantago lanceolata
Plants of P. lanceolata were grown at Concordia University in Montreal, Quebec, in 10 # 10-cm pots from seeds obtained from Horizon Herbs (Williams, OR). Flowering was induced over 3 months in a growth chamber with 16-h daylight intervals at 25ЊC and 8-h dark intervals at 21ЊC. When flowering was observed in April 2012, the plants were transferred to a laboratory, where they were kept beneath a timer-controlled fluorescent lamp programmed at the same lighting schedule as noted above. Relative humidity in both environments varied between 50% and 60%. Plants were experimented on in the laboratory within 3 days of being transferred.
We applied standardized forces to pollen samples to initiate the disaggregation process. These methods were used to pro- duce "sprinkling images" of pollen dispersed on microscope slides, and then the resulting distributions of PDU sizes were measured. The first of these methods vibrated pollen from 30 anthers from 30 individuals of P. lanceolata. Shortly after dehiscence, typically between 9:00 and 10:00 a.m. (local time), flowers were removed from the inflorescence by plucking them at the receptacle base with fine-tipped forceps. We were careful to not dislodge pollen from the anthers. The bases of these flowers were then embedded in an adhesive (Lepage Fun-Tak, Mississauga, ON, Canada). Each was then mounted horizontally onto a vertically oriented SmartShaker Pro K2004E01 electrodynamic shaker (Cincinnati). Three of the four stamens and the carpel were removed from the flower with forceps. A microscope slide coated with silicon grease was then placed 1 cm from the anther at a 45Њ angle. A BK Precision 4003A signal generator (Yorba Linda, CA) was used to vibrate the shaker sinusoidally through increasing frequencies at low amplitude until the stamen began to resonate. The excitation was then amplified until the resonating stamen ejected pollen onto the microscope slide. The falling grains were captured on the microscope slide and examined under light microscopy to generate a frequency distribution of PDU size (grains per PDU).
Frequencies of pollen grains per PDU were grouped into 11 integer-bounded base-2 logarithmic bins.
Interspecific Analysis
We measured the disaggregation of pollen sampled from flowers with intact anthers from 23 species (table 1) that were in bloom between November 27 and December 2, 2010, around the Pró -Mata Research and Nature Conservation Center in Rio Grande do Sul, Brazil. All plants were identified to species level, with the exception of three Poaceae, which were classified as separate species on the basis of morphological and phenological differences. The specimens were kept in water on a lab bench beneath an incandescent lamp until dehiscence could be observed with a hand lens (usually within 2 h). Relative humidity during this period ranged from between 50% and 90%. The designations of pollination vectors were based to some degree on observations at the field station but were mainly inferred from the macroscopic floral traits of specimens (i.e., pollination syndromes). Although we observed the frequent visitation of syrphid flies on the flowers of Plantago major, it was included with the anemophilous plants since, to our knowledge, no study has shown ambophily in this species.
We followed the technique of Stelleman (1984b) and Ackerman and Kevan (2005) to produce sprinkling images of pollen dispersed on microscope slides. Briefly, pollen from the newly dehisced anther was shaken through a 1.91-cm-diameter hole bored lengthwise through a 30-cm-long aluminium cylinder in which an acrylic disk was placed at half the cylinder length (see Ackerman and Kevan 2005) . The cylinder was then inverted by 180Њ and lowered to 1 mm above a microscope slide coated with a thin layer of silicon grease. A 1.40-cmdiameter steel ball bearing was dropped through the top of the cylinder, where it collided with the acrylic disk, and the shock dislodged the pollen on its underside. The falling grains were trapped on the microscope slide and examined under light microscopy to generate a frequency distribution of PDU size (grains per PDU) as described above.
Statistical Analysis
To assess whether disaggregated pollen follow a lognormal distribution, the intra-and interspecific PDU size distributions were compared to a lognormal distribution with the Kolmogorov-Smirnov goodness-of-fit test. Data for 8 species from Hall and Walter (2011) were included in this analysis. Because their largest pollen PDU size bin was unbounded (1100 grains per PDU), we assumed that no PDU would exceed 2048 grains-an exceedingly rare upper bound for our observations in Rio Grande do Sul-in order to calculate the statistical moments of the lognormal distributions.
We used contingency tables to examine the hypothesis that the distribution of PDU sizes was independent of the pollination vector (anemophilous and zoophilous). To test this hypothesis, we grouped the data from Rio Grande do Sul into four PDU size classes (1, 2-3, 4-7, and 18 grains per PDU) to ensure that each cell had a minimum of five observations, satisfying the assumptions of the x 2 test. The "disaggregation index" (DI), a minimum estimate of the proportion of monads used by Hall and Walter (2011) to quantify aggregation, was calculated for each distribution by dividing the number of monads (f m ) by the sum of each of the 11 PDU size bins' frequency (f i ) multiplied by its lower bound (l i ;
). We examined whether there were simi-
larities in the first two statistical moments (i.e., mean and standard deviation) of the lognormal distribution of PDU size and DI between anemophilous and zoophilous species by separate Mann-Whitney U-tests. Least squares linear regression was used to examine the relationship between the moments of the lognormal distribution of PDU size and DI for each pollination vector. Data from Hall and Walter (2011) were combined with those from the species studied here and also tested separately.
Results
The pollen released from Plantago lanceolata was found to aggregate, with 172 ‫ע‬ 102 (average ‫ע‬ standard deviation) PDUs per anther (n p 30 individuals; a total of 5165 PDUs examined). The distributions of PDU sizes ranged from monads to 64 pollen grains in a markedly right-skewed fashion (skewness g 1 p 1.51; fig. 1 ). The mean PDU size was 2.64 ‫ע‬ 1.96 pollen grains per PDU (i.e., 1.4 ‫ע‬ 0.97 log 2 (pollen grains per PDU)) and the DI (proportion of monads) was 0.21 (table  1) . Almost 60% of the PDU distributions fitted a lognormal distribution (Kolmogorov-Smirnov test; P ! 0.05). The remaining flowers had PDU size distributions that were right skewed but not lognormal, primarily because of an overabundance of solitary monads.
Whereas pollen aggregation was found in anemophilous species (n p 5), it was more extensive in the zoophilous species (n p 18; i.e., a total of 23 Brazilian species), extending to PDU sizes of 1024 pollen grains per PDU, versus 512 among the anemophiles (fig. 2) . The mean PDU was less for anemophilous species, including the data from Hall and Walter (2011) , at 1.55 ‫ע‬ 1.61 pollen grains per PDU (n p 8; i.e., 0.63 ‫ע‬ 0.69 log 2 (pollen grains per PDU)), with a DI of 0.65. By contrast, the mean size for the zoophilous species was 8.11 ‫ע‬ 3.41 pollen grains per PDU (n p 22; i.e., 3.02 ‫ע‬ 1.77 log 2 (pollen grains per PDU)), with DI p 0.06 (table 1) . The distributions were right skewed (table 1), especially among the anemophilous species. The majority of the species (75% of the anemophilous and 73% of the zoophilous species) had PDU size distributions that followed a lognormal distribution (x 2 ; P ! 0.05; table 1). The anemophilous species that did not fit the lognormal distribution had high proportions of monads.
As indicated above, the distribution of PDUs was dependent on the pollination vector ( , P ! 0.05; n p 23), 2 X p 132.51 3 in that PDU sizes were larger among the zoophilous species (4.39 and 3.89 times as large for the mean and standard deviation, respectively; fig. 2 ; table 1). In addition, there were significant differences between the means and standard deviations, respectively, of the log 2 -transformed data for anemophilous and zoophilous species (Mann-Whitney U p 0.0; i.e., mean PDU sizes all tended to be larger in the zoophiles, P p 0.001; and U p 3.5, P p 0.002 for standard deviation). Similarly, the DI was 11.5 times as large for anemophilous as for zoophilous species and differed significantly between vectors (U p 3.0, P p 0.002). A significant linear relationship was found between DI and the mean and standard deviation of the logarithms of PDU size (r 2 p 0.40, n p 32, P ! 0.001, for DI vs. mean; r 2 p 0.52, n p 32, P ! 0.001, for DI vs. standard deviation; fig. 3 ). The overall trend was similar when the analysis was repeated for separate data sets (i.e., r 2 p 0.34, n p 23, P p 0.002 for DI vs. mean; r 2 p 0.52, n p 23, P ! 0.001, for DI vs. standard deviation for the interspecific data set; and r 2 p 0.68, n p 8, P p 0.007 for DI vs. mean; r 2 p 0.95, n p 8, P ! 0.001, for DI vs. standard deviation for the data from Hall and Walter 2011) .
The use of the mean of the log 2 -transformed data permitted us to discriminate reliably (i.e., with no errors) among species by pollination vector (fig. 3A) ; a mean value of ∼0.95 separated zoophilous from anemophilous species in both data sets. Similarly, a DI value of ∼0.4 discriminated between the two pollination vectors, with one error (Plantago major). Conversely, the standard deviation of the log 2 -transformed data was less effective in discriminating between vectors, where a separation at ∼0.85 resulted in misclassification of three anemophilous species ( fig. 3B) . Interestingly, the means of all 30 flowers, standard deviation, and DI for the anemophilous P. lanceolata specimens placed it among the zoophilous species. 
Discussion
Our results showed that there were sufficient differences among species that a measure such as the mean log 2 of PDU size could reliably differentiate pollen vectors. Not only did anemophilous species have a much higher proportion of monads than did the zoophilous species, but they also had lower means and standard deviations. The lognormal distribution provided a good description of the distribution of PDU sizes for most anemophilous and zoophilous species, but it was less effective for the distributions of PDU sizes in Plantago lanceolata. In almost every example where the lognormal fit was rejected, the problem was the presence of too many monads; the lognormal has a lower limit of 0, whereas the lower bound for disaggregation is 1.0. In any case, all samples were strongly right skewed, consistent with the proposed multiplicative sequence of disaggregation events.
The statistical information contained within the distribution of PDU sizes reliably discriminated between pollination vectors, and measures (mean, standard deviation, and DI) were well correlated with one another. There were, however, some problematic categorizations among anemophilous species. For instance, Pinus tecunumanii and Casuarina cunninghamiana were categorized as zoophiles on the basis of their standard deviations, indicating that it may be a less reliable measure than the mean or DI. Further, P. lanceolata was placed among zoophilous species, although admittedly at the periphery of the spread. Plantago major also occupied this intermediate space, with its mean PDU size predicting anemophily and its standard deviation and DI predicting zoophily.
In our attempt to dichotomize vectors, the ambiguous position of Plantago is of interest, because there are accounts of ambophily (biotic and wind pollination) in P. lanceolata (Clifford 1962; Stelleman 1984b ) and in P. major (Kevan et al. 1993 ). Pollenkitt and, by extension, pollen aggregation in this species may improve the likelihood of biotic pollination, especially since their anemophilous pollination syndrome precludes some typical strategies (i.e., attractants and rewards) used by zoophilous species in biotic pollination. More specifically, in a wind-sheltered P. lanceolata population, insects contributed to half of the fertilization events, whereas in a windy environment, insects had a negligible contribution (Stelleman 1984b) . Follow-up garden experiments revealed that the windsheltered population also had a significantly right-skewed distribution of PDU sizes, compared with windy-environment populations (Stelleman 1984b) . This difference may represent the outcome of selection on pollen traits for improved biotic pollination. Maintaining high levels of pollen aggregation in this species may provide the flexibility to respond to changing environmental conditions (Stelleman 1984a ). However, this point illustrates the difficulties inherent in developing a quantitative method for predicting pollination vectors. It should also be noted that there is no evidence of ambophily among the other miscategorized species or in other anemophilous species with a great deal of pollenkitt, such as Ambrosia sp.
A majority of the species examined fitted a lognormal distribution, which is consistent with a multistep disaggregation process. This trend was less consistent within P. lanceolata (i.e., 60% conformed to the lognormal distribution). A number of factors could account for the lower fit with the lognormal in this species. For example, there may have been differences between individuals in the quantity or viscosity of pollenkitt that caused variation in the distributions of PDU sizes within the anther just before release and in the overall susceptibility of PDUs to disaggregation. As we did not control for genotype, we cannot determine whether there is a genetic basis for the differences among individuals in our sample. On the one hand, Stelleman (1984b) found genetically based differences in pollen aggregation between two populations. In contrast, Tonsor (1985b) found no genetic basis for variation in gene flow distances due to differences in pollen aggregation in a comparison of 29 genotypes from the same population (e.g., the proportion of solitary monads was not significantly partially correlated with the genetic variance). Given these results, it is unclear whether genetic differences among individuals contributed significantly to the variation in our experiment. In addition, it could be that factors other than genetic variation explain our result. One possibility is that perhaps some anthers dehisced earlier and had more time for disaggregation to be initiated by drying within the anther. This phenomenon has been observed in genera such as Actinidia, Erica, Calluna, and Cyclamen (King and Ferguson 1994; Hesse 2010) .
The idea that a simple measure, such as mean clump size, could reliably discriminate among vectors is tantalizing, given the cost of a careful field study to distinguish the role of pollinators versus wind. This would also be useful in studies of paleoecology, where the pollination vector is usually inferred from pollen characteristics (Hu et al. 2008; Taylor and Hu 2010) . A future effort along these lines would involve more species than were used here, a standardized methodology, and a deliberate attempt to include ambophiles to ascertain whether their mean PDU size is (as with, perhaps, our Plantago species) indeed intermediate between anemophiles and zoophiles. A future study might also probe the development of the clump size distribution from anthesis to subsequent deposition as a function of the aggregating mechanism, disaggregating force, relative humidity, time since the onset of dehiscence, and fall time. Such a study could increase our understanding of the cases where the right-skewed PDU distributions are not lognormal as well as the sources of variation in PDU among flowers.
